Thin AlO x films were grown on 4H-SiC by plasma-assisted atomic layer deposition (ALD) and plasma assisted electron-beam evaporation at 300˚C. After deposition, the films were annealed in nitrogen at temperatures between 500˚C and 1050˚C. The films were analyzed by X-ray reflectivity (XRR) and atomic force microscopy (AFM) in order to determine film thickness, surface roughness and density of the AlO x layer. No differences were found in the behavior of AlO x films upon annealing for the two different employed deposition techniques. Annealing results in film densification, which is most prominent above the crystallization temperature (800˚C). In addition to the increasing density, a mass loss of ~5% was determined and attributed to the presence of aluminum oxyhydroxide in as deposited films. All changes in film properties after high temperature annealing appear to be independent of the deposition technique.
Introduction
Due to its excellent dielectric properties, aluminum oxide (AlO x ) thin films have been regarded as high-k materials to replace SiO 2 , for example, as gate dielectric in MOSFETs [1] . ALD is an attractive tool to deposit such ultrathin homogeneous AlO x films on various substrates [2] . The self-limiting growth mechanism of ALD enables precise thickness control at Ångstrom level as well as excellent step coverage and conformal deposition on high aspect ratio structures. Moreover, ALD grown films tend to be very continuous and pinhole-free. This factor is extremely important for the deposition of reliable dielectric films [2] . Considerable hysteresis effects and a high number of electrically active interface defects, however, have been found for MIS capacitors using as-deposited AlO x [3] , degrading the performance in field effect devices. The reported dielectric constant of AlO x thin films ranged from 3.5 to 10 [1] [3] [4] . It has been shown that annealing at temperatures up to 650˚C can improve electric properties of the AlO x films [3] . The resulting films are still amorphous. It is expected that the formation of crystalline Al 2 O 3 via high temperature annealing could further reduce fixed interface charges [5] [6], thus, stabilizing the electrical properties of the material [7] . For example, dielectric constants exceeding 10 have been reported after crystallization at temperatures above 1000˚C [8] . The thermal stability on silicon is a major advantage of aluminum oxide compared to other potential alternative dielectric materials. In contrast, hafnium oxide with a substantially higher dielectric constant of ∼25 forms silicate at the interface with Si and crystallizes during post deposition annealing. Combination of aluminum oxide with other high-k dielectrics, which have relatively high dielectric constant, but are not as robust as AlO x to high temperature post deposition annealing can strongly improve thermal and electric stability of gate dielectric stacks [9] .
Crystallization of AlO x has been observed at temperatures higher than 800˚C depending on the duration and the film thickness [10] - [13] . This phase transition usually goes along with several further phenomena altering the film properties. On silicon, significant growth of interfacial oxide during post deposition annealing at 800˚C in N 2 was reported and identified as silicate formation [14] . Moreover, Al diffusion into the Si substrate [15] as well as silicon out-diffusion [6] was reported. The interface oxide growth is enhanced by annealing in oxygen environment [16] , however, also in vacuum or in nitrogen, interface oxide is formed by residual oxygen in the AlO x film [15] . As a consequence of this oxygen consumption, the thickness of the AlO x films decreases upon high-temperature annealing [17] . Such films are densified, which is seen in the shrinking of the film thickness about 10% and an increase of the mass density from ~3.0 g/cm 3 for AlO x films after deposition to ~3.3 g/cm 3 after annealing [10] . In addition, residual hydrogen, which is present in AlO x films after deposition is partially removed after annealing below the crystallization point at 800˚C and fully removed in crystallized films after 1000˚C anneal [7] . Hydrogen could escape via reaction of OH to H 2 O or reaction to molecular hydrogen, the mechanism, however, is not clear. Finally, the change of film parameters like density and thickness upon annealing has a direct impact on the residual stress. It has been shown that the annealing above the crystallization point irreversibly increases the tensile stress in the films [10] . Such stress can enhance the probability to form the macroscopic defects in the films such as pinholes [18] . The presence of additional oxygen and hydrogen as well as grain boundaries and morphological defects has direct impact on the electrical properties of the AlO x films. Consequently, improved dielectric properties (lower trap density and higher dielectric constant) were observed upon annealing [6] [11], however, on the cost of increased leakage current and decreased breakdown voltage [19] . Most of the annealing studies have been performed on AlO x film grown by trimethylaluminum (TMAl) and water. The goal of this work is to study the modification of plasma-ALD grown AlO x films upon annealing below and above the crystallization point. The main attention is drawn on the composition and the structural properties of the films and a correlation to the electrical as well as optical properties will be shown. To avoid a substantial contribution of interface reactions on the properties, highly stable SiC substrates were used for the analysis. Due to the suppressed interface oxide formation and interdiffusion, all the changes in materials density and stoichiometry can be directly related to film properties. Furthermore, epitaxial crystallization on SiC [19] was avoided by focusing on analysis of AlO x films with appropriate film thickness (>20 nm).
Experimental Details
Thin AlO x films (10 -40 nm) were deposited at 300˚C by plasma assisted ALD on 4H n-SiC (0001) substrates using TMAl and oxygen plasma in a FlexAL system [20] . For comparison, plasma assisted electron-beam evaporation as hydrogen-free deposition was employed at 300˚C. After deposition, the films were annealed for one hour in nitrogen at temperatures between 500˚C and 1025˚C in a conventional quartz furnace. The films were analyzed by X-ray reflectivity (XRR) and atomic force microscopy (AFM) in order to determine film thickness, surface roughness and density of the AlO x films. Grazing incidence X-ray diffraction (GI-XRD) was employed with a Panalytical MRD system using Cu-Kα 1,2 radiation and a W/Si parabolic X-ray mirror to verify the crystallization of the AlO x films. The measurements were performed with an angle of incidence ω of 0.5˚ and a parallel plate collimator at the detector side. XRR measurements were performed with a graphite analyzer before the detector and for evaluation of the experimental data we used the software Leptos of Bruker-AXS.
The dielectric constants of the AlO x films were determined by spectroscopic ellipsometry (SE) in a Woollam V-VASE spectrometer covering the spectral range from 2300 nm to 192 nm. The pseudo-dielectric functions were fitted based on a four layer model including the 4H n-SiC substrate, an SiO y -AlO x interlayer, the AlO x layer and a layer to account for the surface roughness. The thickness of the surface roughness layer was set to the values determined by AFM, and an effective medium approximation of SiO y and AlO x has been applied to describe the interface layer. The 4H n-SiC was modeled by a parameterized semiconductor oscillator function [21] fitted to the SE data of the bare substrate, while sapphire had been described by a three term Sellmeier function [22] . To reduce the number of fitting parameters for the AlO x layer, a modification of the Sellmeier function introduced by C. M. Herzinger et al. was chosen [23] :
which allowed a reasonable fit to the ellipsometry data of a commercial c-plane sapphire substrate as well. Characterization of the film chemical composition and stoichiometry was performed on 40 nm thick AlO x films on SiC by X-ray photoelectron spectroscopy (XPS) in normal emission using monochromated AlKα radiation (hν = 1486.7 eV) and a hemispherical electron analyzer. Details about the experimental setup and measurement conditions can be found in [24] . The measurements were performed after sample processing (deposition and optional annealing for 60 min at 1050˚C in N 2 atmosphere) in order to determine the surface properties of the films as well as after ion bombardment (2 keV Ar + ions) of the samples for removal of the top region and analysis of the bulk film composition.
FTIR ellipsometric measurements were performed on the sample set investigated by XPS. For the measurements a FTIR ellipsometer SE900 from Sentech was used. The measurements were carried out in a spectral range between 400 and 4000 cm −1 and a spectral resolution of 4 cm −1
. The angle of incidence was varied between 60˚ and 70˚ with 5˚ steps.
Finally, Ni contacts were deposited on top of the AlO x films to perform I-V-and C-V-measurements to determine dielectric constants and breakthrough field.
Results and Discussion
The surface morphology of as-deposited AlO x films appears to be very smooth with a decoration of the initial atomic steps on the SiC substrate and a root mean square roughness of ~0.2 nm (Figure 1(a) ). Annealing up to 800˚C causes no changes. After annealing at higher temperatures, features appear due to a crystallization of the films and the roughness increases to about 0.5 nm (Figure 1(b) ). No pinholes or macroscopic defects were observed in the films. Annealing at 1050˚C did not alter the morphology of the films.
The transition to rougher surface morphology and the appearance of surface features in AFM is accompanied by crystallization. These results are confirmed by X-ray diffraction. Figure 2 shows the GI-XRD measurement of AlO x films after annealing in N 2 at 1050˚C. The presence of Bragg reflections clearly indicates the formation of a crystalline AlO x -phase. In the material system Al-O, there are a large number of different phases. Because of the broadened and weak reflections, due to the small layer thickness and possibly incomplete crystallization the unambiguous identification of the exact AlO x phase is not possible. Best congruence of the measured peak positions was found with peak positions of δ-Al 2 O 3 -or γ-Al 2 O 3 -phase from the PDF-2 X-ray powder data [25] .
The most prominent change of the film properties is densification of the films upon annealing as determined by XRR (Figure 3) . No fundamental differences were found in the behavior of AlO x films for the two different employed deposition techniques. The well-developed oscillations confirm the excellent uniformity of the thin films and smooth interfaces also after annealing. The interface roughness was in the order of 0.5 nm in good agreement with AFM results. To fit the XRR data after annealing > 850˚C, an additional interface film of about 1 nm with low density (<2 g/cm 3 ) was assumed. AlO x films deposited by plasma assisted evaporation tend to have a lower mass density of ~2.8 g/cm 3 compared to 3.0 g/cm 3 of ALD films. Generally it is observed that annealing at temperatures above 700˚C leads to a decrease in thickness. The strongest thickness change was observed at temperatures above the crystallization point at 850˚C. Although the reduction in thickness further increases as the annealing temperature increases, this reduction process saturates, since no significant difference in thickness is obtained between the results of annealing at 950˚C and 1050˚C (Figure 4(b) ). The phenomenon of thickness reduction can be attributed to a densification of the films, as already suggested to occur for H 2 O-based ALD AlO x films subjected to similar high-temperature conditions [11] . As a consequence, the density of AlO x increased from ~3.0 g/cm 3 after deposition to ~3.5 g/cm 3 after annealing at 1050˚C (Figure 4) . These results were confirmed by spectroscopic ellipsometry studies of the films. A general agreement in thickness determination was achieved using XRR and SE, which enables to study the impact of densification on the optical properties of the films. The film densification results in an increasing refractive index as well (see Figure 5 ). The data in Figure 5 (b) were extracted from the dielectric function spectra of all investigated films (for example, Figure 5 (a) for ALD SiC) at hν = 2 eV where the AlO x layers are transparent and HeNe laser based single wavelength ellipsometers (632.8 nm) operate. The two included values for the refractive index of sapphire are 1) adopted from Ref. [22] and 2) calculated by a fit of Equation (1) to the SE data of an Al 2 O 3 (0001) substrate. The results clearly show that the increase of the mass density is accompanied by an optical densification of the film. The experimentally determined relationship between refractive index and mass density was analyzed with respect to different model functions [26] . A linear fit of the experimental data including the value for crystalline Al 2 O 3 results in only a slight deviation of ∆n = +0.08 from the lower boundary condition of n = 1 for air.
Considering the two boundary cases, crystalline Al 2 O 3 (sapphire) and air, a good fit of the data is therefore also achieved with the Newton-Drude relation:
with M being the molecular weight of Al 2 O 3 and α the polarizability. From the two fits in Figure 5 (b) a value of 0.038 < α/M ≤ 0.042 cm 3 /g can be extracted. For comparison, for SiO 2 polymorphs α/M has been determined to be 0.036 cm 3 /g. [26] . A fit to the Lorentz-Lorenz equation [8] was not satisfactory as it is only valid for ideal ionic solids [26] . The extrapolation of the dependence to the two boundary cases, crystalline Al 2 O 3 (sapphire) and air proves the validity of the proposed dependence independent of the deposition technique.
The low densities of as-deposited films are probably due to a formation of aluminumoxyhydroxide (AlO(OH)) such as in boehmite [10] with a mass density of 3.01 -3.06 g/cm 3 . The existence of a crystalline phase such as boehmite, however, could not be verified by GI-XRD. Nevertheless it can be expected that the amorphous AlO x after deposition has a high concentration of residual hydrogen and super stoichiometric oxygen [27] to form additional hydroxide in the as-deposited films. The hydroxide is removed from the film upon annealing, mainly by desorption, but a small contribution of thin interface layer formation cannot be excluded. In addition to the obvious thickness change, a mass loss up to 6% in the annealed ALD films is confirmed by a calculation of the area density sq t ρ ρ = * , ρ and t being mass density and film thickness obtained by XRR, respectively (Figure 6 ). For the evaporated films, a smaller mass loss of up to 3% has been extracted indicating less hydroxide groups in the as-deposited amorphous AlO x films due to the different growth conditions. Indeed, while hydrogen is introduced by the precursor TMAl in the case of ALD, in plasma assisted electron-beam evaporation, hydrogen can be only a residual from the background in the vacuum chamber. The lower initial concentration of hydroxide in evaporated AlO x films consequently explains the lower mass loss of such films upon annealing. In order to clarify the underlying characteristics that lead to variations in film thickness as well as mass and optical density, XPS measurements were performed for both deposition methods: ALD and plasma assisted e-beam evaporation. Samples were compared after film deposition and after the highest investigated annealing temperature of 1050˚C. Compared to experiments on a 40 nm thick ALD AlO x film on highly conductive InN [29] , the measurements of AlO x films on SiC revealed a shift of the core level binding energies by ~1 eV, which is assigned to a slight sample charging effect during the experiment. All core level binding energy values are referred to the Al2p peak of the sample with lowest charging and shifted accordingly.
The surface of the samples was found to be covered by a low amount of hydrocarbon-based adsorbates due to transfer through ambient conditions, which are removed by the sputtering process. Furthermore it is found that during the plasma assisted e-beam evaporation process, slight amounts of argon from the gas phase are incorporated into the film which were removed by the annealing step at 1050˚C.
For quantification of the film stoichiometry, the peak areas of the analyzed core levels were used to calculate the amount of incorporated oxygen and aluminum based on experimental parameters, inelastic mean free path as well as cross sections and asymmetry factors of the O1s and Al2p signals. In addition, a calibration of the sensitivity factor was made using reference measurements of a stoichiometric sapphire (Al 2 O 3 ) wafer. The adsorbate 
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signal was considered as separate surface layer. Table 1 summarizes the estimated amounts of Al and O in the differently prepared AlO x films prior and after annealing comparing the composition of the films at the surface (measured as received) and in the bulk (measured after removal of the top region of ~10 -15 nm by Ar + sputtering). The resulting composition values are quite similar, but some characteristics and trends can be found. All films are slightly oxygen-rich compared to Al 2 O 3 with 40% Al and 60% O. Especially the plasma-process seems to enrich the surface oxygen content. Annealing at 1050˚C only slightly reduces the amount of incorporated oxygen by <1 at. %.
The Al2s and Al2p spectra of all samples exhibit symmetric and practically identical peaks with a full width at half maximum of 1.6 eV for all measurements, independent of the performed sample processing (annealing or ion bombardment-see example spectra in Figure 7(a) ).
No differences are observed in the Al2p state at 75.7 eV between the samples prepared by ALD and those prepared by plasma assisted evaporation. Consequently, the coordination of aluminum atoms in both types of AlO x films is homogeneous and independent of the deposition process, annealing and surface contamination. A comparison of the O/Al ratio before and after the annealing confirms the depletion of oxygen upon annealing, its absolute value, however is smaller than expected from the determined mass loss.
Although no important variations are found in the stoichiometry and in the Al signal, major differences are observed for the O1s core level (Figure 7(b) and Figure 7(c) ). As deposited ALD and PAE films exhibit a strong peak asymmetry. The performed peak shape analysis and calculation of difference spectra reveals two contributions. The main feature is located at 532.6 eV and is attributed Al-O bonds of in stoichiometric configuration as in Al 2 O 3 [30] , while the asymmetric shoulder is caused by an additional signal at 534.0 eV. In a XPS study of water interaction with Al 2 O 3 surfaces, the main Al-O bond was detected at 532.8 eV and adsorbates induced by water interaction were found in the range between 534.2 and 534.6 eV where the formation of hydroxide (-OH) groups was observed [31] . Similarly, in our experiments the detected bond around 534 eV of the as deposited films is assigned to -OH groups. We consider the observed asymmetry of the O1s core level spectrum for as-deposited films as indication for the existence of hydroxides. Such groups can be incorporated during film growth, e.g. in the H 2 O environment of the deposition process. After annealing, the O1s asymmetry is strongly reduced also pointing to a modification of -OH groups. In parallel, the amount of stoichiometric Al-O bonds is increased. In summary of both effects, the amount of incorporated oxygen is only slightly reduced during the annealing step, leading to the conclusion that mainly hydrogen and a portion of oxygen is desorbed from the films. In general, the initially low mass density (2.8 g/cm 3 ) of the as deposited films can be taken as an indication of non-stoichiometry in the films [32] also due to incorporated hydrogen. The mass densification and film shrinkage upon annealing can be explained by partial desorption of weakly bound species from the AlO x layer, accompanied by a reorganization of the amorphous AlO x network, consistent with the lower mass density and calculated mass loss in XRR (Figure 6) .
Overall FTIR ellipsometric Psi-spectra obtained at an angle of incidence of 70˚ are shown in Figure 8 (a), while Figure 8(b) displays the Reststrahlen region in more detail. Generally, the overall behavior of the silicon carbide Restrahlenbande of the samples covered with AlO x is similar independent of the annealing conditions. The only observable difference in this part of the spectra is a small dip in the Psi value around 925 cm −1 highlighted with an arrow in Figure 8(b) for the samples annealed at 900˚C and 1050˚C. This spectral feature is not evident for the as deposited sample and the sample annealed at 750˚C and can be attributed to the formation of AlO x crystallites. Therefore, from the view point of infrared spectroscopic ellipsometry the samples can be divided into two groups. The first group is characterized by a non-detectable change of the crystalline structure, whereas for the second group of samples a change of the vibration spectra can be detected indicating a change in the crystalline structure of the AlO x . Another noticeable feature which does not occur in the infrared ellipsometry spectra of silicon carbide [33] is visible at wavenumbers above 3000 cm −1 where a broad peak can be noticed. This broad peak can be attributed to O-H stretching vibrations [34] . The shape of the peak remains nearly unchanged if the sample is annealed at 750˚C and develops a shoulder to lower wavenumbers at higher annealing temperatures. This shoulder might be caused by the formation of O-C-O bonds [34] formed as a consequence of the release of hydrogen from the AlO x layer from hydrogen saturated carbon and oxygen bonds. The formation of the O-C-O bonds is also evidenced by the development of a weak peak around 1600 cm
, which is slightly increasing with increasing annealing temperature as shown in Figure 8(a) . As a consequence the unsaturated bonds form new bonds with surrounding elements.
The densification of the material upon high temperature annealing has a strong impact on the electric proper-ties. On the realized MIS structures, I-V and C-V measurements were performed. While the leakage current of as-deposited and low-temperature annealed (750˚C) films is below the limit of the instrumentation, a remarkable increase of the values is observed after recrystallization. In the same time, the break-through voltage (measured at 1 µA/cm 2 ) is decreasing. This behavior was found to be basically independent of the deposition technique. Figure 9 gives a summary of the measured values for all investigated samples. For as-deposited films, breakdown fields up to 8 MV/cm were measured in agreement with reported values [35] [36] . This value is substantially lower after high temperature annealing. In addition, the yield of the MIS structures is lower resulting in the large error bars starting with values of ~0.1 MV/cm after annealing above the crystallization point. Obviously, the crystallization of the films and the resulting tensile strain causes a high number of defects in the film such as nanocracks and grain boundaries, which are responsible for high leakage current.
In contrast, an improvement of the dielectric constants was observed by C-V measurements. As-deposited films have constants of ~5 -6, which is in the range of other reported values [11] [17] [37] , nevertheless well below the maximum reported value of 9 -10 [3] . This value is increased up to 7.5 for annealing below the crystallization point. After annealing above the crystallization point, our data analysis was not reliable anymore due to the high leakage currents. Consequently, for application of high temperature annealed AlO x , an additional electric insulation scheme is necessary, for example, by introducing a thin SiO 2 film at the interface. On silicon substrates, such interface oxide is growing unintentionally after high temperature annealing, which probably enabled electrical characterization of silicon based MIS structures as reported in the literature [11] . 
Summary
AlO x films deposited at 300˚C were found to be amorphous with low mass density ~3.0 g/cm 3 and oxygen surplus. In addition, a noticeable part of oxygen is bound in form of OH groups. Annealing at temperatures > 800˚C results in crystallization, a mass loss of ~5%, and a densification of ~20%. Most of the mass loss can be attributed to the elimination of the OH-groups, i.e. desorption of oxygen and hydrogen. The crystal phase could not be identified ultimately, a best matching of the diffraction peaks was found to δ-Al 2 O 3 and γ-Al 2 O 3 . A clear relationship between refractive index and mass density was found and modeled. The extrapolation of the dependence to the two limiting cases, crystalline Al 2 O 3 (sapphire) and air proves the validity of the proposed dependence independent of the deposition technique. 
